One sentence summary: TsdC is a unique lipoprotein from Wolinella succinogenes that enhances specific activity of the bifunctional tetrathionate reductase TsdA in this organism. Editor: Lígia Saraiva
INTRODUCTION
The widespread diheme cytochromes c of the TsdA family are bifunctional thiosulfate dehydrogenase/tetrathionate reductases. The reaction directionality of these enzymes varies depending on the source organism (Denkmann et al. 2012; Liu et al. 2013; Kurth, Dahl and Butt 2015) (see also Fig. 1 ). For example, TsdA from the sulfur-oxidizing anoxygenic phototrophic Gammaproteobacterium Allochromatium vinosum is strongly adapted to catalyzing thiosulfate oxidation with little capacity for tetrathionate reduction (Brito et al. 2015; Kurth, Dahl and Butt 2015) . In contrast, TsdA from the Epsilonproteobacterium Campylobacter jejuni acts primarily as a tetrathionate reductase and enables the organism to use tetrathionate as an alternative electron acceptor for anaerobic respiration (Liu et al. 2013) . In several thiosulfateoxidizing organisms, the tsdA gene is associated with a gene encoding a soluble diheme cytochrome c, TsdB, that serves as the electron acceptor for TsdA (Denkmann et al. 2012; Kurth et al. 2016a) . Regardless of association with TsdB, all TsdAs characterized to date are soluble proteins that reside in the periplasm (Denkmann et al. 2012; Liu et al. 2013; Brito et al. 2015; Kurth et al. 2016a,b) . plots were fitted to the Hill equation and for tetrathionate reduction data sets were fitted to the general equation for substrate inhibition (Cleland 1979 ).
The non-fermentative Epsilonproteobacterium Wolinella succinogenes (Ws), a close relative of the human gut pathogen C. jejuni, is metabolically versatile and can grow either by microaerobic or anaerobic respiration using fumarate, nitrate, nitrite, nitrous oxide, dimethyl sulfoxide, polysulfide or sulfite as sole terminal electron acceptor (Kern and Simon 2009; Schumacher, Kroneck and Pfennig 1992; Kröger et al. 2002; Simon 2002; Klimmek et al. 2004; Simon et al. 2004; Kern, Klotz and Simon 2011) . The soluble and membrane-bound cytochromes b and c involved in energy conservation from these numerous substrates have been studied intensively (Kern and Simon 2009; Simon et al. 2011; Hermann et al. 2015) . The function of some cytochromes c, however, still remained unassigned (Kern et al. 2010) . Among these is a 40-kDa cytochrome c (Ws0009) whose primary sequence is homologous to TsdA proteins and that was previously designated CytA (Kern et al. 2010) . WsTsdA was detected primarily in the membrane fraction of nitrate-and polysulfide-grown cells (Kern et al. 2010) . The protein was solubilized and enriched from membranes of polysulfide-grown W. succinogenes cells and co-purified with a polypeptide of 16 kDa (Arnold 1999; Supporting Information) . Sequencing of the N-terminus and internal peptides by Edman degradation confirmed the identity of TsdA. Furthermore, the 16-kDa protein was unambiguously assigned as Ws0008 (CytB) (Arnold 1999; Baar et al. 2003; Kern et al. 2010) , here named TsdC, which is identified in this work as an unprecedented lipoprotein. The two proteins of the TsdAC complex are encoded by the tsdAC gene cluster on the W. succinogenes genome (Baar et al. 2003) .
Here, we set out to collect biochemical information about W. succinogenes TsdA and TsdC. The proteins were produced in Escherichia coli and both WsTsdA and TsdC as well as the TsdAC complex were purified. It is demonstrated that the TsdAC complex acts primarily as a tetrathionate reductase and that membrane attachment is achieved by the presence of TsdC. An activity-increasing effect of TsdC on TsdA was found and compared with the effect of TsdB on TsdA activity using the TsdAB system from Sideroxydans lithotrophicus as a model.
MATERIAL AND METHODS

Bacterial strains, growth conditions and recombinant DNA techniques
The bacterial strains used for this study are listed in Table S1 (Supporting Information). Escherichia coli BL21 (DE3) and E. coli C43 (DE3) were used for recombinant protein production and were grown in LB medium. Escherichia coli DH5α was used for molecular cloning. All general molecular genetic techniques were described earlier (Dahl et al. 2008) . Restriction enzymes, T4 ligase and Pfu DNA polymerase were obtained from Thermo Scientific (Schwerte, Germany) and used according to the manufacturer's instructions. Oligonucleotides for cloning were obtained from Eurofins MWG (Ebersberg, Germany).
Construction of expression plasmids
The plasmids and primers used in this study are listed in Table  S1 (Supporting Information). Construction of expression plasmids is described in the Supplementary data file (Supporting Information).
Overproduction, purification and preparation of recombinant proteins
The mature recombinant WsTsdA produced on the basis of plasmid pET-N-2strep-tsdAWs has a predicted molecular mass of 43 388.1 Da (including two heme groups). The recombinant WsTsdA and WsTsdC proteins produced on the basis of plasmid pET-C-2strep-WS0009+0008 have calculated molecular masses of 41 188.9 Da (including two hemes) and 19 014.1 Da, respectively. The proteins were produced in E. coli as described for CjTsdA (Kurth et al. 2016b) . WsTsdC (16 943 Da; without signal peptide) was produced by incubating E. coli C43(DE3) containing pASK-WS0008 in 400 ml LB medium with 100 μg ml -1 ampicillin in 1-L Erlenmeyer flasks. The culture was inoculated 2% with an overnight pre-culture and shaken with 180 rpm at 30 • C. At an OD 600nm of 0.6, 200 ng ml −1 anhydrotetracycline were added and the culture was switched to 25 • C. Cells were harvested after 18 h. Sideroxydans lithotrophicus TsdA (SlTsdA), SlTsdB and SlTsdBA were produced as described in (Kurth et al. 2016a) . Cell material was resuspended in 100 mM Tris-HCl buffer pH 8 containing 150 mM NaCl and lysed by sonication. After removal of insoluble cell material by centrifugation (10 000 g for 25 min at 4
• C), the soluble proteins WsTsdA, SlTsdA and SlTsdA plus SlTsdB were purified from the supernatants by Strep-Tactin affinity chromatography according to the manufacturer's instructions (IBA, Göttingen, Germany). When necessary, gel permeation chromatography was performed as described previously (Kurth et al. 2016b) . Desalting and concentration of the proteins were included as final steps. SlTsdA(B) was stored in 50 mM BisTris, pH 6.5 and WsTsdA in 50 mM HEPES, pH 7.0 containing 50 mM NaCl at -70
As TsdC is a membrane-associated protein, the TsdC-and TsdAC-containing E. coli cell lysates were first subjected to ultracentrifugation (100 000 g, 60 min, 4
• C) in order to separate membrane and soluble fractions. The membranes were resuspended in 100 mM Tris-HCl buffer pH 8 containing 1% Triton X-100 and solubilized for about 18 h by gentle stirring of the proteindetergent solution at 4
• C. After a further ultracentrifugation step (100 000 g, 45 min, 4
• C), the supernatants were applied to StrepTactin affinity chromatography as described above. WsTsdAC was stored at -70 • C in 50 mM HEPES, pH 7.0 containing 50 mM NaCl and 0.05% Triton X-100.
SDS-PAGE, heme staining and immunoblotting
The concentration of purified proteins was determined with a BCA Kit (Pierce, Rockford, USA). SDS polyacrylamide gel electrophoresis (PAGE) on 12.5% gels was performed according to established procedures (Laemmli 1970) . Gels were either used for Coomassie brilliant blue staining or for heme staining (Thomas, Ryan and Levin 1976) . For immunoblot analysis, recombinant proteins were electroblotted onto nitrocellulose membranes (Amersham Protran 0.45 μm NC, GE Healthcare, Chalfont St Giles, GB) for 35 min at 15 V using the Transblot SD semidry transfer apparatus (BioRad, Munich, Germany). Strep-tagged TsdC protein was detected with Strep-Tactin HRP Conjugate (#2-1502-001, IBA) by using chloronaphthol.
Enzyme activity assays
Thiosulfate-dependent ferricyanide reduction was measured, and data were analyzed and fitted to the Hill equation as described previously (Kurth et al. 2016a) . WsTsdA(C) activity was determined at 39
• C in 100 mM ammonium acetate buffer (pH 5.5). Tetrathionate reductase assays with WsTsdA(C) were performed using reduced methyl viologen as electron donor, according to the method described in Kurth et al. (2016b) and were carried out in 100 mM ammonium acetate buffer pH 6.5. All enzyme activity measurements with SlTsdA(B) were performed at 20
• C in 100 mM ammonium acetate buffer pH 5. More detailed information on activity assays is included in the Supplementary data file (Supporting Information).
UV-vis spectroscopy with TsdA(C) in solution
UV-vis spectra were recorded with an Analytik Jena Specord 210.
RESULTS
Assignment of Ws0009 as a thiosulfate dehydrogenase/tetrathionate reductase (TsdA)
The tsdA-like gene from Wolinella succinogenes encodes a periplasmic 40-kDa diheme cytochrome c (40 028 Da, with hemes, lacking the 21-aa signal peptide). Two Cys-X-X-Cys-His heme c binding motifs are present in the sequence. The active site heme (heme 1) is characterized by an unusual His/Cys axial ligation in TsdA enzymes, and the respective cysteine residue is also present in the W. succinogenes protein (Denkmann et al. 2012) . Sequence comparisons in conjunction with structural characterization of the related TsdA proteins from Allochromatium vinosum and Marichromatium purpuratum indicate axial His/Met ligation for the electron-transferring heme 2 (Denkmann et al. 2012; Brito et al. 2015; Kurth et al. 2016a) . Recombinant WsTsdA produced in Escherichia coli proved to be a soluble protein. After ultracentrifugation of E. coli cell homogenates, more than 90% of the total WsTsdA activity resided in the soluble fraction, in line with the absence of any putative domains for membrane integration or attachment. WsTsdA was purified from the soluble fraction and catalyzed thiosulfate oxidation as well as tetrathionate reduction in vitro, albeit with comparatively low specific activity of under 30 U mg −1 in both directions ( Fig. 1A and B; Table S2 , Supporting Information). This is almost 50-fold lower than observed for the protein from the closely related Epsilonproteobacterium Campylobacter jejuni (Kurth et al. 2016b) . Specific activities in the thiosulfateoxidizing direction of Tsd(B)A from M. purpuratum and A. vinosum are even higher by factors of 100 and 1000, respectively (Kurth et al. 2016a) . Analytical gel permeation chromatography identified WsTsdA as a dimer in solution (data not shown) comparable to the related protein from C. jejuni (Kurth et al. 2016b ). The W. succinogenes enzyme exhibited spectral properties typical for the TsdA family of c-type cytochromes (Fig. 2A) . The extinction coefficient at the Soret band (412 nm) for the oxidized protein was 140 000 M −1 cm −1 , which is very close to the value of 147 000 M −1 cm −1 derived from data presented for the very closely related enzyme from C. jejuni fully loaded with two heme groups (Kurth et al. 2016b) . We can thus confidently state that two hemes were also present in each WsTsdA molecule. The Soret band moved from 412 to 418 nm upon reduction of WsTsdA. In the reduced state, α and β peaks resided at 552 and 522 nm, respectively. A band at 695 nm characteristic for the His/Met ligation (Miles et al. 1993 ) predicted for heme 2 was observed in the oxidized state. The shoulder apparent around 635 nm is assumed to indicate the presence of a small fraction of high-spin heme probably caused by weakening of the Fe-S bond at heme 1 in TsdA proteins (Brito et al. 2015) . propensity of an amino acid to occur at the -3, -2, -1 and +1 position), with Cys being the first amino acid of the mature lipoprotein (Hayashi and Wu 1990; Babu et al. 2006) . Recombinant WsTsdC was found to be membrane associated and was purified after solubilization from the E. coli membrane fraction (Fig. 3D) . UV-vis spectroscopy did not provide any evidence for the presence of a prosthetic group. The pure recombinant protein was digested with trypsin and the endoproteinase GluC, followed by mass spectrometric analysis of the resulting peptides (Dr. Marc Sylvester, Mass Spectrometry Service Unit, Institute for Biochemistry and Molecular Biology, University of Bonn). A mass matching the type II signal peptide was not detected showing that it is efficiently cleaved off after transport over the cytoplasmic membrane in the recombinant host. 97.7% of the other peptides expected for WsTsdC were identified. The amino-terminus of the mature recombinant protein constituted the only exception indicating posttranslational modification just as predicted for a lipoprotein.
TsdC is a membrane-associated lipoprotein
WsTsdC mediates membrane attachment of WsTsdA
Co-production of WsTsdA and TsdC in E. coli changed the intracellular localization of TsdA. More than 75% of the tetrathionate reductase activity resided in the membrane fraction and thus co-localized with TsdC (Table 1; Fig. 3 ). Further analysis of cell fractions supported this finding. Just as observed for TsdC by immunological detection (Fig. 3B) , a considerable portion of the heme-stainable 40 kDa-TsdA was now present in the membrane fraction (Fig. 3B) . The pattern of heme-stainable bands observed for membranes was identical to that for pure recombinant TsdAC (compare Figs 3B and 4B) . Part of TsdAC resided among the soluble proteins ( Fig. 3B and C) explaining the residual enzymatic activity of this cellular fraction (Table 1) .
Recombinant TsdC co-purifies with WsTsdA and enhances its activity
The low specific activity of the WsTsdA enzyme in comparison with other TsdA enzymes (Liu et al. 2013; Brito et al. 2015; Kurth et al. 2016a,b) indicated that TsdC might be necessary for efficient activity of the Wolinella enzyme. In fact, the specific tetrathionate reductase activity in membranes from the E. coli strain producing the WsTsdAC combination already amounted to 47 U mg -1 protein (Table 1) and was thus higher than that observed for pure recombinant WsTsdA (Table S2 , Supporting Fig. 4B represents a degradation product of TsdA as has also been observed for CjTsdA and some of its variants (Kurth et al. 2016b ).
Information). This finding strongly supports the notion that TsdC had an activating effect on WsTsdA and this assumption was finally verified by analysis of pure recombinant WsTsdAC. Both polypeptides were co-purified upon affinity chromatography exploiting the Strep-tag attached to TsdC (Fig. 4) , indicating that WsTsdA and WsTsdC form a tight complex in vivo and in vitro. While the presence of TsdC did not significantly alter the spectral properties and the heme loading of TsdA (ε 412nm = 139 000 M −1 cm −1 ) as compared to TsdA alone ( Fig.   2 ), it had a strong impact on enzymatic activity. The specific activity of pure WsTsdAC amounted to almost 2000 U mg -1 in the tetrathionate-reducing direction and was thus more than 70-fold higher than that for pure WsTsdA ( Fig. 1A ; Table S2 , Supporting Information). In the thiosulfate-oxidizing direction, a significant improvement of catalytic activity was also apparent; however, the effect was less drastic ( Fig. 1B ; Table S2 , Supporting Information). It should be noted that the K m value for tetrathionate amounted to about 70 μM for TsdAC while S 0.5 for thiosulfate was almost 100-fold higher. In conjunction with the more than 6-fold higher V max in the tetrathionate-reducing than in the thiosulfate-oxidizing direction ( Fig. 1A and B ; Table  S2 , Supporting Information), WsTsdAC appears to be specifically adapted to catalyzing tetrathionate reduction.
Effect of SlTsdB on SlTsdA activity
Our observation that WsTsdA activity is drastically enhanced by WsTsdC raised the question whether the other known interaction partner of TsdA enzymes, the electron-accepting diheme cytochrome TsdB improves activity in a similar manner.
To this end, TsdA and TsdB from Sideroxydans lithotrophicus were purified alone and in combination from E. coli (Kurth et al. 2016a) . On its own, SlTsdA showed 13-fold higher V max in the thiosulfate-oxidizing than in the tetrathionate-reducing direction ( Fig. 1C and D ; Table S3 , Supporting Information). When copurified, TsdAB exhibited approximately 2-fold increased V max in each of both reaction directions ( Fig. 1 ; Table S3 , Supporting Information).
DISCUSSION
In this study, we elucidated the enzymatic features of WsTsdA as well as the role of TsdC for TsdA activity. By sequence analysis, mass spectrometry, purification of recombinant WsTsdA, WsTsdC and a combination thereof, we established that TsdC from Wolinella succinogenes is a novel and unique membraneattached lipoprotein that directly interacts with TsdA. TsdC mediates membrane association of TsdA and drastically enhances its activity. The identity of TsdC as a lipoprotein is indicated by its membrane localization in W. succinogenes (Arnold 1999) as well as in Escherichia coli (Fig. 3) , the presence of a signal peptide typical for lipoproteins and the posttranslational modification of its Nterminus as suggested by our failure to detect any unmodified amino-terminal peptides in a mass spectrometric approach. The observation that the N-terminus of TsdC isolated from W. succinogenes was blocked upon Edman degradation (Arnold 1999 ; Supporting Information) further adds to this notion. The mechanism for lipoprotein biosynthesis and trafficking has been well characterized in E. coli (Matsuyama, Tajima and Tokuda 1995; Table S2 . Matsuyama, Yokota and Tokuda 1997; Yakushi et al. 2000; Masuda, Matsuyama and Tokuda 2002) . Wolinella succinogenes has the potential to produce all the essential enzymes described for this pathway, i.e. phosphatidylglycerol:prolipoprotein diacylglycerol transferase, Lgt (Ws2111); signal peptidase II, LspA (Ws0819); and apolipoprotein N-acyltransferase, Lnt (Ws0080).
As of November 2016, W. succinogenes TsdC does not have sequence similarity to any other protein and database searches did not provide indication for other tsdA-related genes being linked with genes encoding membrane-associated proteins. WsTsdA activity is drastically improved by TsdC (Figs 1 and 5 ; Table S2 , Supporting Information), and this effect is much stronger in the tetrathionate-reducing direction than in the thiosulfateoxidizing direction. How this effect is achieved on a molecular basis is currently unclear. Generally, lipoproteins like TsdC play important roles in a wide variety of bacterial physiological processes, including nutrient uptake, transmembrane signal transduction, cell division and virulence (Nakayama, Kurokawa and Lee 2012) . Reports about the association of lipoproteins with c-type cytochromes are relatively rare but include the finding that the cyanobacterial cytochrome c 550 PsbV is stabilized by the lipoprotein PsbQ and that this contributes to protection of the catalytic activity of the water oxidation machinery at photosystem II (Kashino et al. 2006; Roose, Kashino and Pakrasi 2007) . In other cases, c-type cytochromes have themselves been reported to be lipoproteins, e.g. the cytochrome c subunit in the photosynthetic reaction center of Blastochloris viridis (formerly Rhodopseudomonas viridis) (Weyer et al. 1987) , the Cu A and heme c-containing subunit II (CtaC) of cytochrome c oxidase (cytochrome caa 3 ) from Bacillus subtilis (Bengtsson et al. 1999b) or cytochromes c 551 and CccB from Bacillus PS3 and B. subtilis, respectively (Fujiwara et al. 1993; Bengtsson et al. 1999a) . The activity improving effect of the electron-transporting TsdB subunit on TsdA as exemplified for the TsdAB complex from Sideroxydans lithotrophicus is far less pronounced than that observed for WsTsdAC. We conclude that the interaction of TsdAC and TsdAB complexes has a different basis on the molecular level.
Enzyme assays in solution showed that the TsdAC complex from W. succinogenes was much more adapted to catalyzing tetrathionate reduction than thiosulfate oxidation (Figs 1  and 5; Table S2 , Supporting Information). It therefore appears likely that the in vivo function of the complex is tetrathionate reduction (Fig. 5) and it is tempting to speculate that the possession of TsdAC enables W. succinogenes to use tetrathionate as an (additional) substrate for anaerobic respiration. The midpoint reduction potential of the tetrathionate/thiosulfate couple is +198 mV (Kurth, Dahl and Butt 2015) . Thus, electron flow from formate (E o = −432 mV; Thauer, Jungermann and Decker 1977) via the menaquinone pool (E o = −74 mV (Clark 1960; Schnorf 1966) ) to tetrathionate would indeed be possible and could support growth (Fig. 5A) . The electron transport chain underlying this process could in principle also include the menaquinol-reactive cytochrome bc 1 complex (Fig. 5B) . TsdC might position TsdA in the membrane such that it comes close to the electron-donating units, i.e. formate dehydrogenase or the diheme cytochrome c subunit of the cytochrome bc 1 complex. Regardless of such theoretical considerations, it is important to note that Klimmek et al. (1991) reported W. succinogenes to be unable of growth on formate and tetrathionate as sole energy substrates (i.e. in the absence of polysulfides). On the other hand, the organism's ability to grow on polysulfide is well documented. Polysulfide medium is prepared by combining sodium sulfide and tetrathionate (Klimmek et al. 1991) . We consider the possibility that these two sulfur compounds do not react completely to polysulfides but that some tetrathionate persists that can be used as an additional respiratory electron acceptor. This might only be possible when polysulfides and/or sulfide and tetrathionate are present at the same time. Notably, polysulfide-respiring conditions caused strong induction of TsdA synthesis as compared to fumarate (no TsdA detectable
